In this work, the structure, mechanical and thermal properties of PET fiber obtained by hot multi-stage drawing have been investigated in terms of their dependence on the number of drawing steps at an equivalent total draw ratio. Differential scanning calorimetry, birefringence, wide-angle x-ray diffraction, FTIR spectroscopy, tensile properties, and taut-tie molecules were used to characterize the fine structure and physical properties of the fibers. Results have been explained in terms of a higher drawing residence time at an equivalent drawing speed. For single stage drawn fiber, a high tensile strength is obtained, whereas a high initial modulus is obtained for fiber drawn at three--stage drawing. According to the results, an important finding is that threestage drawing process has the potential to produce high-modulus fibers. The enhanced fraction of taut-tie molecules is found in three-stage drawn fiber, which is believed to be one of the important factors leading to the high modulus achieved in fibers drawn in hot multistage.
Poly(ethylene terephthalate) (PET) is a semicrystalline polymer of considerable commercial importance that has various applications in fiber, film, or bottle form. PET fibers are generally produced by melt spinning. Fibers produced by this process may not have the required crystallinity or molecular orientation to provide specific mechanical properties. Extensive studies of structure formation of PET during deformation have been carried out [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . It has been well documented that controlled molecular orientation and microstructure formation in polymers gives rise to a change in tensile properties. Substantial improvements in the mechanical properties of PET fibers have been achieved by drawing. During the drawing process, structural parameters such as crystallinity, crystal perfection, crystal size, crystal orientation and amorphous orientation are altered [18] .
As-spun fibers have been drawn in several ways, from single-stage to three-stage drawing. Several references report that multi-stage drawing produced fiber that had better mechanical properties than singlestage drawing [19] [20] [21] [22] . The morphology created upon hot-multistage drawing is critical for the properties achieved. Hot multi-stage drawing of fibers involves stretching in several successive steps in which a small amount of stretching occurs in each step. The hot multi-stage drawing is controlled by manipulating the machine variables such as drawing speed, temperature of heated elements, draw ratio, number of drawing steps, etc.
The structural parameters and tensile properties involved in the hot multi-stage drawing of PET fibers are not yet completely understood. Less attention has been paid to the effect of number of drawing steps on the micro-structure and final mechanical properties. Thus, it is of prime interest to observe and to understand the development of structure in the drawn PET fibers with changing the number of drawing steps at an equivalent total draw ratio.
EXPERIMENTAL Preparation of samples
Low oriented PET yarn (LOY), 167 dtex (weight in grams of 10000 m filament), 34 filaments, was kindly supplied by Alyaf Co. (Iran). The as-spun fibers were made with PET with an intrinsic viscosity (IV) = = 0.65 dL/g as quoted by manufacturer. The as-spun fibers were collected at take-up velocity of 800 m/min. This kind of fiber has high capacity for stretching. The drawing was performed on an industrial Zinser drawtwisting machine (Germany), type 520-2. First, as--spun fiber was drawn in single stage to the maximum draw ratio before breaking (DR = 5.140), and this determined draw ratio was selected as a total draw ratio for drawing in two-stage and three-stage drawing processes. The drawing setup is shown schematically in Figure 1 . The different draw ratios of the drawn samples are shown in Table 1 . The total draw ratio is calculated by multiplication of the draw ratios employed. The applied drawing conditions are listed in Table 2 . These conditions were deduced from preliminary experiments. 
Methods
Yarn linear density (expressed in dtex) was determined in accordance with ASTM D 1577-96. Mean values are the average of five measurements.
Differential scanning calorimetry (DSC) curves were recorded on a DSC 2010 machine (TA Instruments, New Castle, DE, USA) to examine the thermal behavior of multifilament yarns. Approximately 5 mg of sample was used and the measurements of the samples were performed by heating from 20 to 300 °C at a rate of 10 °C/min under nitrogen atmosphere. From the heat of fusion, an apparent crystallinity (X) was determined by the following equation:
where X C is crystallinity percentage, ΔH f refers to the measured melting enthalpy, ΔH c is the crystallization enthalpy induced during DSC test and ΔH f° refers to 100% crystalline polymer, which in the case of PET equals to 140.1 J/g [23] .
Fourier transform infrared (FTIR) measurements were recorded on a Nicolet 670 instrument over the range of 4000-400 cm -1 using a resolution of 4 cm -1 . The powdered samples were dispersed in KBr and pressed into pellets for these measurements. An average of 40 scans was recorded in the transmission mode.
Birefringence was measured on a Ziess polarizing microscope with a 30 th order tilting compensator. The average birefringence was based on five individual fiber samples. The same microscope was used to measure the diameter of the fibers.
The wide-angle X-ray diffraction (WAXD) patterns of finely powdered samples were obtained by using a EQUINOX 1000 X-ray diffractometer (Inel, France) equipped with a nickel-filtered CuK α radiation (λ = 1.540 Å). The scattering intensities were recorded every 0.031° in the range of 2θ = 10-35°. The equatorial diffraction profile was fitted into three Pearson VII functional crystalline peaks according to Heuvel and Huisman [24] with two Gaussian functional amorphous peaks at 17.5 and 23.5°, as reported by Murthy et al. [25] .
The WAXD patterns were analyzed by curve-fitting procedure to obtain crystallinity and crystalline sizes. For this purpose, we used commercial software PeakFit. In the equatorial scans, first a straight line was drawn in diffractogram from 2θ = 10-35° and the area under the line was subtracted from the background of the curve. No constraints were made for center and width of the peaks. An apparent crystal size (ACS) was calculated from the half-height width of the three crystalline reflections using the Scherrer Equation [26] :
where a K value of 0.94 is the correction factor for lattice distortion, λ is the X-ray wavelength, β represents full width at half-maximum intensity of a pure equatorial reflection in radians, and θ is the diffraction angle. Tensile properties were measured at 23-25 °C, 65% RH, using an EMT-3050 tensile tester (Elima Co., Iran). The cross-head speed of 500 mm/min was fixed for all measurements. The gauge lengths of 50 and 300 mm were employed for undrawn and drawn samples, respectively. From stress-strain plots, initial modulus, tenacity and percentage extension at maximum load (breaking elongation) were evaluated. All the reported tensile properties represent the average value of the twenty readings, the sample being taken from different parts of the package.
The yarn shrinkages were measured after heating a freely hung length of yarns in a circulating air oven controlled by an internal thermostat and monitored by an independent thermometer at 130 °C for 10 min according to DIN 53840, Part 1. The initial and final lengths were measured at room temperature and total shrinkage is defined as fraction of initial sample length remaining after exposure to elevated temperature. The average of five measurements was reported as the shrinkage.
The fraction of taut-tie molecules (TTM) can be calculated based on a parallel series three phase model with the assumption that the modulus of strained tie molecules is equal to that of the crystal along the molecular axis and obtained by the following equation [27] :
where V a is the volume fraction of the amorphous region, E is the obtained modulus of sample, E c is the crystal modulus along molecular axis (ca. 858 g/d) [28, 29] , and E a is the modulus of amorphous phase except for tie molecules (ca. 18 g/d) [28] . Figure 2 shows the DSC curves of the undrawn fiber and the samples drawn at different conditions. In the case of undrawn fiber, a T g is observed. The T g Figure 2. DSC Thermograms of undrawn and drawn fibers.
RESULTS

Thermal analysis
occurrence is common and is observed for fibers spun at take-up speeds below 5000 m/min [30] . However, it is not observed in the drawn fibers. This may be because the drawn fibers have relatively high crystallinity, while the crsytallinity of the as-spun fibers is only approximately 7.8% (Table 3 ). The DSC scan for undrawn fiber shows an exotherm at 100-150 °C that corresponds to the crystallization of amorphous material. This is absent in the drawn samples because more of the oriented material is crystallized during hot multi-stage drawing. This is in agreement with previous works on PET [9, 31, 32] . The as-spun fiber has a broad melting range as shown in Figure 2 . The broad melting range indicates the undrawn fiber possesses less uniform structure than the drawn fibers, which shows a narrow melting range. The width of the DSC peaks becomes narrower upon hot drawing, indicating the crystal size within the drawn samples becomes more homogenous. Moreover, the onset of melting temperature increases with drawing. Since the onset of melting temperature can be related to the crystal size and perfection, it seems reasonable to say that larger crystal size and/or higher crystal perfection can be found upon hot drawing. It should be noted that during DSC measurement, samples tend to reorganize, and thus the obtained melting characteristics may not reflect the initial organization of the samples.
As can be seen in Table 3 , there is no significant difference in the thermal properties of different drawn samples. It seems that the number of drawing stages did not have appreciable effect on the crystalline structures of the resultant drawn fibers.
Birefringence
The birefringence values (Δn) and filament diameter for undrawn and drawn fibers are plotted in Figure 3. As observed, under drawing in hot condition, the filament diameter decreased substantially. The filament diameter in DR3 sample was slightly higher than those obtained for DR1 and DR2 samples. This indicated that DR3 sample contracted more on the package after drawing. The elastic behavior of the polymer could be the reason for this contraction. The birefringence data provided information about the overall orientation that increases upon drawing. Upon hot drawing, an increase in birefringence can be attributed to the orientation-induced crystallization as well as thermal-induced crystallization. For fibers drawn at single and two-stage drawing, the birefringence is higher than that value for drawn fiber at three-stage drawing. In semicrystalline polymers, crystalline and amorphous orientations are present and, assuming that the total birefringence is the sum of the crystalline and amorphous birefringence. There is no significant difference in crystallinity of the drawn samples ( Table   Table 3 . Thermal property characteristics of undrawn and drawn fibers 3). On the other hand, birefringence of samples drawn at single and two-stage drawing is higher than drawn sample at three stages (Figure 3 ), suggesting that the crystalline and/or amorphous orientation changes with drawing. It seems that in spite of increased orientation in the crystalline region, there is some loss of orientation in the amorphous region due to relaxation in the fibers drawn at three stages. This led to a decrease in birefringence in this sample. It should be noted that the crystallites formed during drawing reduced the freedom of the chains to move, so decreasing the effects of the relaxation. These results suggested that no or little relaxation occurred in the fibers drawn in single and two-stages.
FTIR Analysis
FTIR spectra of the undrawn and drawn PET fibers are portrayed in Figure 4 . Vibrational spectroscopy methods are very adequate to study conformer content. In PET structure, the ethylene glycol segments coexist either in trans or gauche conformation. The trans conformation, which is related to straight parts of the molecules, can be present in both crystalline and amorphous regions in the fibers. The gauche conformation related to disorganized parts of the molecules can exist only in the amorphous region [33] .
The drawing process is accompanied by conformation transitions. The change in the absorption ratio between the trans and gauche conformers can be used to quantify the conformational changes during drawing process. The bands near 1473, 1343, 973 and 848 cm -1 have been referred to in the literature as vibrational modes of the trans ethylene glycol of the polymer chain, and the bands near 1453, 1372, 1042 and 898 cm -1 refer to the vibrations of the gauche ethylene glycol segment of the polymer chain [34, 35] . For this study, the peak intensities were taken at wavenumbers 973 cm -1 (O-CH 2 stretching of the trans conformer at the ethylene glycol fragment) and 898 cm -1 (CH 2 rocking of the gauche conformer) to calculate the relative percentage of each conformation. All of the calculated structural absorbance can be corrected by an internal reference which is necessary to compensate for the sample thickness. The reference band chosen should be a band independent of changes in physical structure, such as those representing trans, gauche and folded conformations. The band at 795 cm -1 was used as the internal reference band [35] . The trans (T) and gauche (G) content and structural absorbance ratio (T/G) of undrawn and drawn PET fibers are shown in Table 4 . It can be seen from Table 4 that the trans conformation of EG segment of PET fibers increased because of drawing. It seems that the chains located in the amorphous regions are pulled from their original and more random conformation to a new and more oriented one due to hot drawing. Moreover, it has been reported that the trans isomer allows a closer packing of molecules than the gauche isomer [34] . It implies that the increase in trans conformation content for the drawn samples might be associated with the increase in intermolecular packing. As can be observed from Table 4 , the trans to gauche conformation ratio for the drawn samples did not show significant difference. This may be related to the very similar crystallinity values of these samples as reported in Table 3 . 
WAXD Analysis
Equatorial X-ray diffraction patterns of the undrawn and drawn samples are shown in Figure 5 . The intensity curves of the equatorial scans of the drawn fibers were resolved into three crystalline peaks with two amorphous peaks. The as-spun fiber consisted predominately of the amorphous phase. This can be attributed to the very low crystallinity value in the undrawn sample which could not be detected by X-ray diffraction. In contrast, all the drawn samples show clear crystalline reflections and three reflection planes (010), (110) and (100) were recognized. The XRD data obtained for undrawn and drawn fibers are listed in Table 5 . The apparent crystal sizes of the threestage drawn fiber are higher than those of the single and two-stage drawn fibers. Similar to the crystallinity values obtained by DSC (Table 3) , the drawn fibers have essentially the same crystallinity, as shown in Table 5 . The same crystallinity level and the small crystal dimensions imply that the number of crystals in the single-stage drawn fiber is greater than that of the three-stage drawn fiber. This means that the distance between crystals is shortened, i.e., shorter non-crystalline chains are formed. The estimated crystal size along the plane normal to the (100) reflection is smaller than the (010) reflection. The dominance of the size for the (010) reflection is due to the stronger dipole-dipole interactions of C=O than the induced polarized interactions of benzene molecules [36, 37] .
Lateral order (LO) parameter [18, 38, 39] can be related to several factors at same time, such as the crystallinity of the sample, reflection, size, and the distribution of the crystallites. It was calculated from the following equation: (010), (110) and (100). Some authors [18, 38] have used this parameter in substitution with the crystalline index measurement. In this case, it is being considered the total order rather than the absolute crsytallinity of the sample, due to its dependence to several crystalline parameters as already explained. A decrease in the LO for the three-stage drawn sample could be explained by the observed decrease in the crystallinty and/or total order of the system. A decrease in birefringence value of the three-stage drawn fiber ( Figure  3 ) is also contributing to the loss of its total order. The formation of new crystallites within extended noncrystalline domains of PET is responsible for the increase in LO parameter of single-stage drawn fiber.
Tensile properties Figure 6 shows typical specific stress-extension curves of as-spun and drawn fibers. Three-stage drawn fibers showed distinctly different response to the tensile load compared to the single and two-stage drawn fibers. The three-stage drawn fiber has higher and distinct yield behavior in the tensile test. The yield strength was calculated by identifying a point which is deviated from the initial linear region. It seems that the multistage drawing caused to the arrangements of the amorphous and crystalline region in parallel rather than in series. This parallel arrangement increased the yield strength, because in this case there are more tie molecules arranged in parallel than in series.
Tenacity, extension at break, and initial modulus of the undrawn and drawn fibers are shown in Figures  7-9 , respectively. As can be seen in Figures 7 and 8 , tenacity and initial modulus of the drawn samples both increased relative to their respective as-spun fiber. The highest tenacity value obtained for DR1 followed by DR2 and DR3. The tenacity value of the three-stage drawn sample is significantly lower than the other ones. The DR1 and DR2 samples show the same value for extension at break which is lower than that of obtained for the DR3 sample ( Figure 9 ). An increase in the number of drawing steps gives rise to a significant increase in initial modulus value. The initial modulus value of 748 cN/tex obtained for the DR3 sample is markedly higher than those obtained for the DR1 and DR2 samples. It has been shown that three--stage drawing process produced fibers having lower tenacity and higher modulus when compared to the single and two-stage drawing processes at an equivalent total draw ratio. According to Figure 3 , the three--stage drawn fiber shows the least birefringence value among the samples as well as the drawn samples had the same crystallinity value (Table 3) . So the higher initial modulus and lower tenacity values for the DR3 sample cannot be explained simply by crystallinity and orientation values. We will discuss the structure-property relationships in Discussion section. It should be noted that tensile modulus reflects the average of the structure, whereas tensile strength relates more to the weakest position in the structure. The drawing process improves the tensile modulus but also introduces defects such as inhomogenities and voids. These defects have little effect on the modulus, which involves low strain, but play a significant role in tenacity, which is measured at the limiting strain of the material.
Shrinkage
Free shrinkage experiments were performed to investigate the changes of organization of the amorphous phase depending on distribution of draw ratio in hot multi-stage drawing. As can be seen in Figure  10 , the highest shrinkage values occurred at sample drawn in three-stage drawing. The pronounced shrinkage of the fibers drawn at three-stage drawing points to a high degree of molecular orientation present in the amorphous phase. Again, it could not be possible to explain the shrinkage results simply by crsytallinity and orientation. We will back to this case in Discussion section. 
DISCUSSION
It is well known that temperature, time and tension are three main parameters that control the fiber structure development during drawing process and that the structure will ultimately determine the final fiber properties [40] . Performing multistage drawing at a constant production speed, caused to a decrease in velocity of godet rollers (first and second godet rollers) to obtain the determined draw ratios. When the velocity of these hot godet rollers decreased, the mo-lecular mobility of PET fiber chains and the relaxation time was enhanced due to large heating time. So the chains were easy to disorientate, resulting in the decrease of orientation in three-stage drawn sample (Figure 3). In single and two stage drawing, there was not enough time for relaxation and therefore stress induced crystallization played an important role during the drawing processes. The final orientation in threestage drawn fiber is slightly lower than those obtained for the single and two-stage drawn fibers because the orientation process stopped sooner at this kind of drawing. This may be attributed to the formation of a crystallite network which prevented the tie chains to be fully extended. Because of high molecular mobility at block heater and second godet roller in three-stage drawing process, very little molecular orientation is required to induce crystallization, and therefore significant crystallization occurred before the tie chains to be fully extended [41] .
At an equivalent drawing speed (here is 400 m/min), the fibers spend a much more time for drawing in three-steps than in single and two-steps. By considering the number of wraps of yarn around each godet roller and godet rollers speeds as given in Table 6 , at drawing speed of 400 m/min, the drawing residence time on draw godet rollers is 0.28, 1.83, and 2.09 s for the DR1, DR2, and DR3 samples, respectively. Thus in the case of DR3 sample, much more gradual changes in molecular structure over the drawing period occurred as compared to those drawn at single and two-stage drawing at equivalent total draw ratio and drawing speed. It seems that we have two opposing effects during three-stage drawing, i.e., the relaxation of oriented amorphous chains and the crystallization of amorphous chains. During hot three-stage drawing, the thermal mobility enhanced due to applying heat in second godet roller and thereby the orientation relaxation accelerated and this effect played a dominate role during the drawing process. Higher mobility of PET molecules at elevated temperatures is responsible for the different structure development. However, the relaxation rate of the molecules exceeds the deformation rate of the sample at high temperature.
It appears that the initial modulus is not correlated simply to crystallinity or birefringence. In the literature, a third phase, or so-called intermediate phase, or oriented mesophase, oriented amorphous phase, or taut-tie molecular phase has been discussed [27, [42] [43] [44] [45] . During three-stage drawing, the adequate energy supplied by high temperature and also higher deformation time caused the tie molecules between the adjacent fibrils to disentanglement and orient under drawing stress. Figure 11 shows that the relationship between initial modulus and the fraction of taut-tie molecules of PET. The fraction of taut-tie chains in as-spun fiber is significantly lower than those of drawn fibers and drawing caused to transformation from folded crystalline chains (FCC) to extended chain crystal (ECC), inducing an increase in fraction of taut-tie chains in the drawn samples. The fraction of taut-tie molecules in the three-stage drawn fiber is markedly higher than those obtained for the single and two-stage drawn fibers. It seems that the increase of taut-tie molecules fraction in the interfibrillar region is responsible for improving the initial modulus of three-stage drawn fibers. Tenacity represents the tensile stress measured at break, divided by the original dimensions of the fiber before deformation. It has been claimed that tenacity is affected by the interlamellar tie molecules [46] [47] [48] . Our results show the linkages that determine the tenacity change significantly during hot three-stage drawing, causing an unexpected decrease in tenacity of this sample. Moreover, it has been suggested that one of the controlling structure features for tenacity is the non-crystalline orientation function [49] . Thus, lower tenacity of the DR3 sample may be re-lated to the lower orientation in the amorphous regions. The amorphous regions are the weak links in the fiber structure and therefore the lower order in these regions provides weaker links between the crystalline fibrils in the three-stage drawn sample, resulting in lower tenacity value for the DR3 sample ( Figure 7) .
Shrinkage is essentially an entropic phenolmenon. Shrinkage is caused mainly by randomization of strained, oriented, non-crystalline chains. Thus, a decrease in the fraction of the oriented amorphous chains reduces shrinkage. Tomlin and colleagues [50] have noted a larger amount of interfibrillar material increases the free molecules farther away from the surface, and thus to contribute to shrinkage. Therefore, higher shrinkage in the three-stage drawn fiber could be attributed to the higher taut-tie molecules fraction in this sample.
CONCLUSION
Drawing of PET fibers at different number of steps of hot multi-stage was investigated to determine the internal structure and tensile properties. Relaxation and crystallization occur simultaneously during hot three-stage drawing. Upon three-stage drawing, more energy is available for PET chains to unfold and gradually participate in the arrangement of tie chains. By comparing the crystallinity of the samples, it was found that the number of the hot drawing stage has not a significant effect on the crystalline structures of the samples. The lowest birefringence value was obtained for the three-stage drawn fibers. The threestage drawing process achieves the highest modulus and the lowest tenacity compared to the single and two-stage drawing of multifilament yarn. Three-stage drawing achieved a high fraction of taut-tie molecules, resulting in higher initial modulus and shrinkage values compared to the single or two-stage drawn fibers at an equivalent total draw ratio. The decrease in tenacity of the three-stage drawn fiber is related to a change in the interlamellar tie molecules and also a decrease in amorphous orientation.
